Cardiovascular disease remains the primary killer worldwide. The heart, essentially an electrically driven mechanical pump, alters its mechanical and electrical properties to compensate for loss of normal mechanical and electrical function. The same adjustment also is performed in the vessels, which constantly adapt their properties to accommodate mechanical and geometrical changes related to aging or disease. Real-time, quantitative assessment of cardiac contractility, conduction, and vascular function before the specialist can visually detect it could be feasible. This new physiologic data could open up interactive therapy regimens that are currently not considered. The eventual goal of this technology is to provide a specific method for estimating the position and severity of contraction defects in cardiac infarcts or angina. This would improve care and outcomes as well as detect stiffness changes and overcome the current global measurement limitations in the progression of vascular disease, at little more cost or risk than that of a clinical ultrasound. 
CARDIAC STUDIES
Coronary heart disease caused 445,687 deaths in the United States in 2005-approximately one of every five (1) . In 2011, an estimated 785,000 Americans will have a new coronary attack, and approximately 470,000 will have a recurrent attack. An additional 195,000 silent first myocardial infarctions (MIs) are estimated to occur each year. Despite this devastating toll and the associated urgent need for prevention, there are currently no screening or early detection imaging techniques that can identify abnormalities prior to symptoms or fatalities. Approximately every 25 seconds, an American will suffer a coronary event, and approximately every minute, someone will die from one (1) . Cardiovascular disease accounts for 41% of all deaths. Cancer follows, killing 23%. All other causes of death account for approximately 35 .3%. In addition, 61.8 million Americans have some form of cardiovascular disease. This includes diseases of the heart, stroke, high blood pressure, congestive heart failure, congenital heart defects, hardening of the arteries, and other diseases of the circulatory system. Americans will pay approximately $286.5 billion for cardiovasculardisease-related medical costs and disability. Especially costly to American business are the deaths of skilled employees between the ages of 35 and 64, where the loss of management and production skills and the cost of training replacement personnel are enormous.
Early detection of abnormalities is thus the key in treating cardiovascular disease early and reducing the enormous death toll. The diagnosis of myocardial ischemia or MI is often difficult to establish in its early stages when treatment is most effective. Patients suffering from myocardial ischemia or MI may present to an emergency room or acute care facility with typical cardiac symptoms such as chest pain described as tightness, pressure, or squeezing, but some patients may have other symptoms such as arm or chin pain, nausea, sweating, or abdominal pain. Standard techniques such as the electrocardiogram (ECG) often provide inconclusive findings regarding ischemia and sometimes cannot even identify situations in which ischemia has progressed to cell damage and MI. More reliable techniques are available for diagnosing infarction relative to its predecessor, ischemia. For example, a blood test to measure the creatine kinase-MB (CK-MB) enzyme level is used for detection of myocardial cell damage. Other useful serum markers include troponin I and, to a lesser extent, myoglobin. However, the blood levels of these compounds may take several hours to rise, causing delay of MI diagnosis. Reliance on blood tests alone may result in a significant loss of time and does not help localize the abnormality when early aggressive therapy is warranted.
A viable alternative is assessment of the change in mechanical and electrical properties of the heart as a result of MI. In this section, the myocardial, mechanical, and electrical properties and their variations in the presence of disease are discussed, and state-of-the-art techniques are described.
Mechanical and Electrical Properties of Normal and Ischemic or Infarcted Myocardium
The heart, which is essentially an electrically driven mechanical pump, alters its mechanical and electrical properties to compensate for loss of normal mechanical and electrical function as a result of disease. Detection of cardiac dysfunction through assessment of the mechanical properties of the heart-and, more specifically, of the left-ventricular muscle-has been a long-term goal in diagnostic cardiology. This is because both ischemia (2) (reduced oxygenation of the muscle necessary for its contraction) and infarction (3) (complete loss of blood supply, inducing myocyte death) alter the mechanical properties and contractility of the myocardium. In the ischemic heart, the diastolic left-ventricular pressure-volume or pressure-length curve slope is typically increased, suggesting increased chamber stiffness (4) . Regional myocardial stiffness has also been reported to increase as a result of ischemia (5) (6) (7) (8) . The increased stiffness could arise from myocardial remodeling, including elevated collagen and desmin expression (4) . Acute MI caused by partial or total blockage of one or more coronary arteries can cause complex structural alterations of the left-ventricular muscle (9) . These alterations may lead to collagen synthesis and scar formation, which can cause the myocardium to change its mechanical properties irreversibly. Holmes et al. (10) reported that this myocardial stiffening can be measured within the first 5 min following ischemic onset. The most comprehensive study on experimental measurement of the stiffness of an acutely infarcted muscle with age was reported by Gupta et al. (9) . In that study, in vitro mechanical testing (i.e., biaxial stretching) of a healing MI corresponding to various time lapses (0 h-6 weeks) after the induced infarction showed that the stiffness of the infarcted region (see Supplemental Figure 1 ; follow the Supplemental Materials link from the Annual Reviews home page at http://www.annualreviews.org) increases within the first 4 h; continues to rise by up to 20 times, peaking 1-2 weeks following the infarct; and decreases 4 weeks later (down to 1-10 times the noninfarcted value). The noninfarcted, or remote, myocardium followed a similar time course but to a much lesser extent. Some of the causes of these mechanical changes have also been reported (11, 12) . Within the first week, deposition of immature collagen, increases in fibroblast formation, and resorption of necrotic cells occur (11) . By the second week, total loss of normal collagen matrix occurs, followed by abnormal replacement with mature collagen. Over time, necrotic tissue continues to be resorbed and replaced with scar tissue and some viable muscle cells (13) , hence the partial decrease of the stiffness after six weeks (9) . The aforementioned complex cellular and histochemical changes directly dictate the mechanical changes of the myocardium. The fact that the mechanical properties induced by the infarct change at the onset, continue changing thereafter, and peak two weeks later indicates the potential for a mechanically based imaging technique to detect the infarct extent early. Ischemia and infarction will alter the heart's normal pattern (Figure 1 ) and result in reduced and complete lack of conduction, respectively, at the region of the abnormality, where the myocytes no longer conduct the action potential properly (14) . (a) The cardiac electromechanical pump in its normal state (sinus rhythm). The arrows indicate the path of activation as the action potential propagates along the Purkinje fiber network ( yellow). Abbreviations: A-V, atrioventricular; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; S-A, sinoatrial. The septum is the muscle separating the two ventricles. Reproduced from the American Heart Association. (b) Flowchart of the cardiovascular strain and intrinsic wave techniques and their relationships, as described in this review. Abbreviation: RF, radio frequency.
mapping of the local, mechanical function of the myocardium at the early ischemic onset. To assess the local deformation, implantable markers in the form of metallic beads [for X-rays (15)] or sonomicrometers [ultrasound crystals (16) ] have been traditionally used. In cardiology, the leftventricular pressure-volume curve has been used extensively for the assessment of the myocardial and chamber compliances to detect the acute and chronic changes on the heart muscle as a result Strain rate imaging (SRI): imaging the strain rate of the myocardium of disease (17) . However, apart from the invasive nature of these studies, the results from several of them have been either conflicting or representative only of a certain type of infarct or ischemia onset (18) , mainly due to the fact that the whole myocardial wall or chamber was assumed to undergo uniform motion and deformation-an assumption that is not valid under physiologic conditions. In clinical practice, these techniques cannot obviously be applied for diagnostic purposes, and existing imaging modalities have been widely utilized in an effort to highlight the mechanical properties of the myocardium noninvasively. The principal techniques are discussed below and their advantages and pitfalls briefly described. Nuclear imaging, despite its associated quality, typically requires injection of a radioisotope into the patient to assess myocardial perfusion for the detection of coronary artery disease (19) . Magnetic resonance (MR) cardiac tagging is the only technique capable of estimating all principal strains of the strain tensor by utilizing tags, i.e., depositing planes of presaturation that intersect the myocardium prior to the playing out of the MR imaging sequence (20) (21) (22) .
Echocardiography remains the predominant imaging modality in diagnostic cardiology because of its real-time feedback, portability, and high temporal resolution. In the echocardiography study rooms, cardiologists study ciné-loops of echocardiograms, or B-mode ultrasound images of the heart, at various sonographic views off-line. The main purpose is to identify regions of dyskinetic (limited contraction) or akinetic (absence of contraction) myocardium and thus detect regional ischemia and MI. The most identifiable feature of a dyskinetic or akinetic myocardium is the limited wall motion, or endocardial wall excursion, during a cardiac cycle. Automation of this qualitative process through appropriate processing of the ultrasonic signals and/or images has been attempted at length over the past 20 years but without significant clinical impact. The two main areas of such investigations lie in tissue characterization and motion estimation. The field of ultrasound tissue characterization measures acoustic parameters such as attenuation (23, 24) , speed of sound (25) , and integrated backscatter (IB) (26) (27) (28) (29) (30) to determine myocardial attributes such as thickening and thinning (cyclic variation) (31) and anisotropy (32) . The main difficulty associated with these methods is that they can be highly dependent on the ultrasound system used; this restricts their repeatability across different applications.
For higher computational efficiency, the autocorrelation function is employed to directly estimate the phase of the signal and, thereby, the phase shift resulting from the myocardial deformation. Phase-shift motion estimation techniques include Doppler myocardial imaging (33) (34) (35) and strain rate imaging (SRI) (36) , which apply Doppler-based techniques to obtain regional velocity estimates and velocity gradients (or, strain rates) of the myocardium, respectively. Despite these techniques' associated low computation cost and therefore their inclusion on certain commercially available ultrasound systems, several disadvantages associated with phase-shift-based methods have been discussed in the literature (37) (38) (39) . The main pitfalls are the limitation to small bandwidth signals (i.e., low axial resolution) (37) (38) (39) (40) , aliasing (occurring at half the center frequency), the increase in ambiguity of the estimation with the center frequency (37) , and attenuation effects (41) . In the case of the time-shift techniques, the time shift, or delay, between consecutively received echo signals is directly equivalent to the amount of displacement that the tissue traveled between two consecutive acquisitions. The speed of sound of the myocardium is assumed constant throughout the cardiac cycle, which is generally a safe assumption, so that distance and time are directly proportional. In general, time-shift-based methods, such as cross-correlation and sum-ofabsolute-difference (SAD) estimators, have been repeatedly shown to overcome the main limitations of low resolution and aliasing associated with the phase-shift methods while at the same time providing higher precision (37) (38) (39) 42) . In this review, we focus on examples of ultrasound-based techniques that are capable of unveiling specific types of function along the cardiovascular tree. Figure 1b highlights the similarities and differences of these methods as discussed in sequence.
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ME: myocardial elastography
Ultrasound-Based Myocardial Strain Imaging
Strain imaging based on time-shift estimation techniques has recently been translated to the clinic. This is because time-shift estimation techniques have been shown to be most promising in reliably assessing myocardial deformation, or strain, as reported on M-mode data (43, 44) or envelopedetected signals (45) (46) (47) as well as in 2D (48) (49) (50) (51) (52) (53) and 3D (54, 55) imaging. An example of such techniques developed by our group is myocardial elastography (ME) (Figure 1b) (48, 50, (56) (57) (58) (59) (60) . This technique encompasses imaging of any kind of mechanical parameter that would highlight the mechanical property of the myocardium, such as displacement, strain, strain rate, velocity, shear strain, and rotation angle. Therefore, because assessment of myocardial mechanical parameters has proven to be a critical step in the detection of cardiac abnormalities, we have shown that ME has the potential to make a significant impact in this field (50, (61) (62) (63) .
2D and 3D strain estimations and principal strains. Strain can be defined in terms of the gradient of the displacement, and it relates directly to the underlying mechanical properties of tissues assuming that the stress applied is uniform across the tissue (64) . The 2D, in-plane displacement can be written as u = u x e x +u y e y , where u x and u y are lateral and axial displacements, respectively. The e x and e y are unit coordinate base vectors in the lateral and axial directions, respectively. The 2D displacement gradient tensor, ∇u, is defined as
The 2D Lagrangian finite strain tensor, E, is defined as
where (∇u) T is the transpose of ∇u. Lateral and axial strains are the diagonal components of E-i.e., E xx and E yy , respectively. The lateral and axial displacements are first estimated using cross-correlation and recorrelation techniques (61) . The 2D strain components are then estimated by applying a gradient operator (61) . To improve the signal-to-noise ratio in an elastogram, a least-squares strain estimator (65) is used. It reduces the noise from the gradient operation through a piecewise linear curve fit to the displacement. A larger lateral kernel, together with the recorrelation method, improves the quality of the estimated lateral strain and renders it comparable to the estimated axial strain (Supplemental Figure 2) (61) . The principal strains that have been shown to be angle independent and centroid independent (66) can also be estimated. Finally, the same method can be repeated across the entire 3D model by assuming a 3D ultrasound beam and 3D motion from the finite element model (63, 67) . Then, at multiple 2D short-axis slices from base to apex, the in-plane 2D motion was estimated, and the effect of 3D motion was studied. The 3D estimation results in the normal and ischemic model are shown (Supplemental Figure 3) for multislice, 2D strain estimation where the ischemic region could be easily detected and localized as the region undergoing thinning instead of thickening. Despite the higher decorrelation noise in the 3D case, the elastograms were highly correlated to the finite element results; the highest variance occurred in the case of the lateral strains (Supplemental Figure 3) , demonstrating that 2D tracking at high precision and high frame rate is robust in the presence of 3D motion. This finding confirms the feasibility and reliability of ME in conjunction with 2D echocardiography, which remains the technique of choice for cardiologists.
Myocardial strain imaging for detection of mild to acute ischemia in vivo.
Two main objectives of the strain imaging techniques are to (a) identify early onset of coronary artery disease and Cumulative strain: accumulation of deformation in the same region of the myocardium over time (b) validate ME strain estimates in vivo. The two in-plane orthogonal displacement components (lateral and axial) were iteratively estimated on radio frequency (RF) signals using 1D crosscorrelation and recorrelation in a 2D search. The cross-correlation technique employed a 1D matching kernel in a full 2D search, which, at high sonographic signal-to-noise ratio and suitable acoustic parameters such as the beam width, is characterized by high image signal-to-noise ratio (Supplemental Figure 4) . Therefore, the effective strain resolution was equal to the window shift (68) . The incremental lateral and axial displacements were integrated to obtain the cumulative displacements that occurred from end-diastole to end-systole. Lagrangian lateral and axial cumulative strains were computed from the cumulative displacements using a least-squares strain estimator with a lateral kernel. Radial and circumferential strains, which are angle independent, were further obtained from Lagrangian lateral and axial strains through coordinate transformation; this was done to depict the myocardial deformation in cardiac coordinates in order to facilitate the detection of the ischemic region as shown by the theoretical framework (61) . The results also showed that not only could ME reliably estimate and image transmural strains in a full left-ventricular short-axis view, but it could also noninvasively detect reduced myocardial deformation starting at the 40% (Figure 2) , and possibly 20%, coronary occlusion level. In sonomicrometry, polar strains were calculated from the coordinates of the crystals. Reduced radial thickening or radial thinning at the occlusion level larger than 40% was observed on the basis of strain estimates from both ME and sonomicrometry. Good agreement in radial strain between the two methods was found through Bland-Altman analysis at all degrees of ischemia and reperfusion (69) . These findings demonstrated that ME could serve as a powerful diagnostic tool to noninvasively detect, localize, and identify the ischemic region at its early onset-i.e., at 40%, and possibly 20%, occlusion ( Figure 2 ) (69) .
A clinical echocardiography ultrasound scanner [General Electric (GE) Vivid FiVe TM , GE Vingmed Ultrasound AS, Horten, Norway] with a phased array probe (FPA 2.5 MHz 1C) was used to acquire cardiac ultrasound in-phase and quadrature data in 2D short-axis views at the papillary level from normal and infarcted human hearts in vivo at a frame rate of 136 frames per second. The in-phase and quadrature data were further upsampled to retrieve the RF signals. The lateral and axial resolutions were approximately 1.92 mm and 0.77 mm, respectively. To increase the frame rate without interpolation, sacrificing beam density or the region-of-interest size, the composite ME technique was employed; multiple individual-sector RF frames were combined into full-view frames, and a frame rate of 136 frames per second was achieved.
Tagged MR images were obtained on a Philips Intera 1.5T scanner (Philips Medical Systems, Best, The Netherlands) equipped with a five-channel SENSE cardiac coil and master gradients of strength 30 mT m −1 and slew rate 150 T m −1 s −1 (62) . Two-dimensional grid tagging was performed, yielding a 9-mm, in-plane tag resolution. The short-axis orientation was also acquired at the papillary muscle level from the same subjects. The nominal frame rate was 33 frames per second. To obtain the localized myocardial displacement and strain images, we implemented a template-based tracking algorithm on a 2D grid-shaped mesh to obtain the displacement vectors of the crossing points (nodes) on the tagging grids (70) . Excellent correlation between the ultrasound-based and MR-based strain estimates were obtained in both normal subjects and subjects with a history of cardiovascular disease (Figure 3 ).
Imaging the Electrical Function and Electromechanics of the Myocardium
Despite their recently successful translation to the clinic, the existing speckle tracking techniques conventionally aim at determining the total, global myocardial contraction (i.e., thickening or thinning) for monitoring of ablation and pacing therapies. Therefore, they typically ignore cardiac transient mechanical and electrical activation. At the same time, there are no noninvasive electrical conduction mapping techniques of the heart that can be used diagnostically in the clinic. The only methods currently available for conduction mapping in vivo involve (a) the use of invasively inserted electrode arrays, by mounting an electrode sock around the heart through open-heart surgery (71, 72), (b) reconstruction from body surface potentials (73) to map the epicardial activation, or (c) the use of an electrode catheter for endocardial mapping (74, 75) . In addition, none of the medical imaging techniques clinically available can map the conduction waves. Conventional echocardiography (76) using M-mode echocardiography, tissue Doppler echocardiography, and other methods offers the capability of assessing electromechanical dyssynchrony as an indication of arrhythmia and is used to monitor the performance of treatments such as cardiac resynchronization therapy. M-mode echocardiography is often effective in examining intraventricular dyssynchrony as a sign of ischemia or infarction (76) . Although no single standard exists, a septal-to-posterior wall motion delay of 130 ms has been suggested as a marker of intraventricular dyssynchrony (76) . Tissue Doppler echocardiography is another ultrasound-based technique used to indirectly detect conduction abnormalities by successfully identifying time delays at which peak displacement or strain rate occurs in distinct segments of the heart and verifying whether these values were reduced to minimal or normal range values after treatment. The only noninvasive imaging technique that can directly map the conduction wave is optical imaging. Optical imaging techniques use voltage-sensitive dyes, which bind to cardiac cell membranes and fluoresce if the cells undergo electrical activation following illumination, thus allowing assessment of the electrical function of the myocardium. Optical imaging techniques are capable of reliably mapping the conduction wave as well as reentrant activity in the epicardial and subepicardial cell layers (77, 78) . These techniques can be applied at the organ, cellular, and subcellular levels. However, because optical imaging techniques are affected by mechanical artifacts, they require the use of an electromechanical decoupler that paralyzes the muscle to inhibit cardiac contraction during imaging. As a result, in addition to the associated depth limitations, conduction mapping using optical imaging can be applied only in excised hearts (77) (78) (79) (80) . In summary, 2D conduction mapping has been restricted to in vivo invasive techniques that entail the use of epicardial electrode measurements or to perfused heart models using optical imaging. The main reason for the lack of noninvasive techniques for accurate electrical mapping lies in the fact that standard imaging modalities are limited either by the penetration depth (e.g., optical techniques) or by the frame rate required (e.g., conventional ultrasound or MR imaging). In other words, the currently available noninvasive techniques cannot map the electrical conduction or depict the propagation of the conduction during systole or diastole because of slow frame rates and inadequate precision of the motion estimation techniques. As of today, no imaging method currently used in the clinic has been capable of mapping the electromechanical wave (EW). The EW lasts approximately 60 to 100 ms and requires a resolution of a few milliseconds (e.g., 2-5 ms) to generate precise activation maps. Moreover, the regional interframe deformation that has to be measured at these frame rates is very small (∼0.25% at a 2-ms temporal resolution) and requires a highly accurate strain estimator. Modalities such as standard echocardiography or MR tagging cannot detect the EW because the time required to acquire a single image is similar to the duration of the entire ventricular depolarization. Effectively, because standard echocardiography was originally designed to assess the overall mechanics of specific cardiac segments over the entire heart cycle, images are typically acquired every 20-30 ms. Higher temporal resolution and motion estimation accuracy can be achieved using techniques such as Mmode echocardiography, but at the expense of a very narrow field of view that does not allow spatial assessment of the propagation. Strain mapping methods based on MR imaging in humans are not real time, and their frame rates are typically smaller than those in echocardiography, although temporal resolution on the order of 15-20 ms has been achieved (81, 82) .
Electromechanical Wave Imaging
Electromechanical wave imaging (EWI) can map the electromechanical activity in all four heart chambers at very high temporal resolution (∼2 ms), noninvasively, and with real-time feedback (Figure 1b) . At such a high temporal resolution, numerous phenomena occur in the temporal vicinity of the electrical activation, such as the onset of contraction resulting from the electrical activation, the opening and closing of the valves, and ventricular hemodynamics. These phenomena can be separated in space and time, mapped, and quantified (58, 83, 84) . At the tissue level, the depolarization of myocardial regions triggers electromechanical activation-i.e., the first time at which the muscle transitions from a relaxation state to a contraction state. Spatially, this electromechanical activation forms the EW wavefront that follows the propagation pattern of the electrical activation sequence. EWI (59, (83) (84) (85) (86) (87) (88) has therefore been shown capable of noninvasively mapping the conduction wave during propagation. Electromechanical strains are defined as the strains that result from electromechanical coupling at the level of the myocardium during the QRS complex. The electromechanical strain propagates along the conduction path, resulting in the EW (Figure 4) that closely follows the conduction wave ( Figure 5) . We have specifically developed a rapid-acquisition (∼500 frames per second) 2D imaging modality so that the transient cardiac motion resulting from the fast EW can be mapped in murine (59, (85) (86) (87) , canine (58, 84) , and human (58, 84, (88) (89) (90) left ventricles in vivo. EWI thus may constitute a unique noninvasive technique for conduction mapping. In this review, we discuss the potential of EWI in accurately identifying and confirming the nature and origin of the waves imaged by showing the validation and induction of changes in the electrical activation of murine, canine, and human hearts, in both normal and pathological states.
EWI has been shown to differentiate between normal and ischemic as well as among different pacing schemes in open-chest canines (84, 90, 91) . In the normal case ( Figure 5, panel a1) , the EW activation was initiated from multiple sites in the ventricles, e.g., at the mid-basal level in both the left endocardium of the septum and the endocardium of the lateral wall. The propagation also occurs from the left-ventricular to the right-ventricular endocardium in the septum and from the endocardium to the epicardium in the posterior wall. This is in excellent agreement with conduction patterns and velocities reported in the electrophysiology literature (92) and the electromechanical simulation model (90) . At 60% and 100% left anterior descending (LAD) coronary artery occlusion (Figure 5, panels a2 and a3, respectively) , the wave in the septum is still initiated but blocked closer to the apex. The ischemic/arrhythmic region thus is identified owing Strain estimation and segmentation
Figure 4
The electromechanical wave imaging (EWI) technique. (a) A full view of the two ventricles is first divided into partially overlapping sectors, which are imaged at separate heartbeats. (b) High-precision displacement estimation between two consecutively acquired radio frequency (RF) beams (t 1 , t 2 ) is then performed using very high-frame-rate RF speckle tracking. (c) A region of the heart muscle, common to two neighboring sectors, is then selected. Through comparison of the temporally varying displacements measured in neighboring sectors (s 1 , s 2 ) via a cross-correlation technique, the delay between them is estimated. (d ) A full-view ciné-loop of the displacement overlain onto the B-mode image then can be reconstructed with all the sectors in the composite image synchronized.
(e) The heart walls then are segmented, and incremental strains are computed to depict the electromechanical wave (EW). ( f ) By tracking the onset of the EW, isochrones of the sequence of activation are generated.
to the reversed electromechanical strain. The propagation of the EW, which relates directly to the conduction wave (Figure 5b,c) , can be visualized in multiple planes, and the location of the ischemia can be identified. EWI also was performed in canine hearts during four distinct pacing protocols and sinus rhythm (91) . Isochronal maps of the EW onset were generated, and the earliest activation region was found to be highly correlated with the pacing site location. Electrodes also were implanted in the heart, allowing simultaneous measurements of the electrical activation times in selected echocardiographic segments of the heart. These measurements confirmed the monotonic relationship between the electrical activation times and the EW onset, thereby assessing the capability of EWI to reliably map and follow the electrical activation sequence. The validation of the link between the EW and the electrical activation sequence in canines was twofold. First, the localization of the earliest activation time in the EWI isochrones was highly correlated with the (a) 3D electromechanical strain imaging in normal and pathological canine hearts in vivo. Biplane (two-chamber and four-chamber views) view of the same heart under different left anterior descending (LAD) coronary artery flow occlusion levels. Red, white, and green arrows indicate the propagation of the electromechanical wave (EW) in the septal (SEP), anterior (ANT), and lateral (LAT) walls, respectively. Abbreviations: POST, posterior; RVW, right-ventricular wall. Without any occlusion, i.e., normal coronary flow, radial thickening is visible up to regions where the axial direction of the ultrasound beam coincides with the longitudinal direction of the cardiac geometry, where shortening is expected (blue).
At 60% flow occlusion, this behavior is reversed in the presence of ischemia: A region ( yellow border) containing radial thinning (blue) and longitudinal lengthening (red ) is observed.
At complete occlusion, this region increases in size. The ischemia is visible in the anterior, posterior, and lateral walls near the apex at 60% flow occlusion and in the anterior, posterior, lateral, and septal walls at 100% flow occlusion. The electrocardiogram is at the lower-left corner of each image, and the red dot indicates the cardiac phase. 
PWV: pulse-wave velocity
Pulse wave (PW):
propagation of the mechanical deformation of the vascular wall along the arterial tree pacing site, thus allowing the noninvasive identification of the pacing lead location. For instance, right-ventricular pacing (Figure 5, panel c4) could easily be distinguished from left-ventricular free wall pacing, apical pacing, or sinus rhythm. Second, a monotonic relationship was obtained between the electrical activation times and the EWI isochrones with a slope of 0.99 (Figure 5d ). Other groups have reported similar findings in vivo, i.e., a linear relationship between mechanical and electrical activations, with slopes of 1.1 (93), 1.06 (94) , and 0.87 to 1.05 (95) . The fact that the relationship between the electrical activation and the EW was found to be monotonic is essential because it indicates that the spatiotemporal sequence of activation of the cardiac segments can be reliably and directly provided by EWI. Comparing such maps constitutes, however, a significant challenge. The electrodes affect both the mechanical and electrical behavior of the heart muscle and also can generate artifacts on the ultrasound image. To circumvent this issue, the imaging plane was selected in the vicinity of the plane defined by the electrode locations, so it was not affected by the aforementioned artifacts. This approach showed that, at least on the scale of the heart segments, EWI can be used to map the electrical activity. Moreover, the observed propagation from the epicardium to the endocardium when pacing (e.g., Supplemental Figure 1a-c) indicates that the method also could be capable of mapping the transmural electrical activity, which also was confirmed in simulations (90, 96) . However, in sinus rhythm, activation from the endocardium to the epicardium, which is expected, was not observed everywhere in the heart. This could be explained by the limited information obtained through 2D observation of an inherently 3D phenomenon such as the cardiac electrical activation in combination with the fact that strain measurements at the boundary of the heart wall are more susceptible to noise. Implementing EWI in 3D echocardiography could help overcome some of these challenges.
In the human feasibility study, the four-chamber view is imaged from the apex. In that view, longitudinal strains are mapped in most of the heart. Activation results in myocardial shortening of the tissue, both in the atria and in the ventricles. Figure 6a shows the EW in a 23-year-old healthy female; strains lower than 0.025% were not displayed. The right atrium was activated 30-35 ms following the onset of the P wave, and the electromechanical activation propagated toward the left atrium. Shortening of the atria also resulted in lengthening of the still passive, inactivated ventricles. As a result, immediately after the onset of the Q wave, the ventricles were in a relaxation (or prestretched) state. The septum was activated first at the mid level, and then the EW propagated toward the apex and base. Figure 6b shows the corresponding isochronal representation of the EW. Similar results were observed in additional normal subjects (90) .
VASCULAR STUDIES Vascular Biomechanics and Pulse Wave Propagation
Vessel stiffness has been indicated as an early predictor of all-cause and cardiovascular mortality, primary coronary events, and fatal stroke (97) (98) (99) (100) (101) (102) . Blood vessels are distended by the blood pressure at every heartbeat, when blood is pumped from the left ventricle to the rest of the circulation through the aorta. Upon left-ventricular ejection and opening of the aortic valve, pressure and diameter waves throughout the entire circulation are produced from the blood that travels through the aortic cavity and branches out to smaller vessels thereafter. Topical reflection waves also are generated owing to localized impedance mismatches as the vessels branch out. The pulse-wave velocity (PWV) refers to the pulse wave (PW), which is both a blood pressure and distention wave. Owing to important information on the distensibility of arteries, PWV is widely used for estimating the stiffness of arteries (103) (104) (105) and has been shown to be an early indicator of atherosclerosis (106) . Correlations of the aortic PWV and the morphological changes associated with atherosclerosis have been previously reported (107, 108) . Aging of the arterial system is accompanied by structural changes in the aortic wall, which lead to stiffening of the vasculature and increased velocity of the pressure wave (109) . The PWV in the brachial arteries and the aorta also has been proposed as a powerful independent indicator of all-cause mortality in subjects with diabetes (110) and end-stage renal disease (111), respectively. As such, PWV measured along the central arteries is most clinically relevant because the stiffness of central arteries has been shown to be a strong predictor of cardiovascular disease and all-cause mortality (98) .
Vascular Stiffening with Aging and Disease
Vascular stiffening happens naturally with aging. The elastin components of the wall are gradually reduced, and the collagen that remains leads to overall hardening of the arteries. One of the other results of vascular aging is a higher probability of developing an abdominal aortic aneurysm (AAA), which is a focal, balloon-like dilation of the terminal aortic segment that occurs gradually over a span of years. This condition is growing in prevalence in the elderly population, with approximately 150,000 new cases diagnosed every year (112, 113 ). An AAA may rupture if it is not treated, and this is ranked as the thirteenth most common cause of death in the U.S. and as the most common aneurysm type (114) . Current AAA repair procedures are expensive and carry significant morbidity and mortality risks (115) (116) (117) (118) (119) (120) . Despite the advent of sophisticated imaging techniques over the past three decades, none of the available imaging techniques is entirely satisfactory for detection and monitoring of this often silent and deadly disease. The most standard diagnostic technique is abdominal ultrasound or computed tomography (CT) imaging. In both cases, images of the abdominal aorta are obtained, and the aneurysm is measured. If its transverse diameter is found to be higher than 5.5 cm, the chance of aneurysm rupture increases by 10-20% within a year (121) , and the patient typically has to undergo surgery to remove the aneurysm. If the aneurysms are left untreated, more than 30% of them will rupture, and the patients will die as a result. There are, therefore, two main emergent problems that current clinical diagnostic practice cannot resolve. First, most AAAs are asymptomatic, so rupture can occur without warning; thus, an effective screening technique is warranted, especially because family history is such a strong risk factor. Second, although an AAA diameter increase beyond 5.5 cm correlates with only a 10-20% chance of aneurysm rupture, it is the only currently used criterion for AAA surgery. The obvious difficulty is that a large number of patients are exposed to the risks of surgery or endovascular intervention, but their AAAs might never rupture. Autopsy studies have shown that small AAAs can rupture (122, 123) , whereas some of those considered large will not rupture, given the life expectancy of the patient (115). Darling et al. (115) found 473 nonresected AAAs, of which 118 were ruptured. Nearly 13% of AAAs that were ≤5 cm in diameter ruptured, and 60% of the aneurysms that were >5 cm in diameter (including 54% of those within 7.1 and 10 cm) never ruptured. The surgeon, of course, wishes to proceed with elective surgery and operate on AAAs only when the risk of rupture is higher than the risk of the procedure, but the former information is severely lacking. The dilemma fundamentally is that some aneurysms >5-5.5 cm may never rupture, and some aneurysms much smaller than 5 cm (especially in women of smaller body habitus) may rupture. In addition, the important point is that the commonly used state-of-the-art methods are only informative about rupture risk based on size. There is thus an urgent need for a method that will reliably predict the likelihood of AAA rupture on a patient-specific basis as opposed to a one-criterion-fits-all approach (124) . In addition, Wilson et al. (125) suggested that a difference exists between (a) AAAs that become stiffer because of increased collagen metabolism and (b) AAAs that experience no significant increase in stiffness or even a decrease, possibly owing to failure in collagen remodeling; the latter are more likely to rupture. Therefore, monitoring aortic elasticity changes, detectable by pulse wave imaging (PWI), may result in more accurate prediction of rupture risk. The fact that AAAs that have not reached the critical diameter may still pose a rupture risk is a painfully frustrating problem for both patient and physician (126) .
Pulse Wave Imaging
A noninvasive, high-frame-rate (up to 8,000 frames per second) imaging method for mapping and detecting the PW-induced wall motion and regional PWV in the vessel (Figure 7 ) may contribute to a future screening test to reduce the overall morbidity and mortality from focal vascular disease such as atherosclerosis and aneurysms. In addition, the RF ultrasound data acquisition capability of our technique allows for higher-precision quantification of motion and velocity estimation. Mice and humans have PWVs that vary within the same range in the abdominal aorta, i.e., 2.2-8. (133, 134) , respectively. Owing to the high velocities involved, measurements are typically taken at high frame rates and at sufficiently large distances to allow for reliable velocity measurements. Until now, the characteristics of the PW, and thus the underlying vessel stiffness, could be quantified through the Moens-Koerteweg equation, i.e.,
where c is the velocity, E is the Young's modulus of the conduit wall, h is the wall thickness, ρ is the density of the wall, ν is the Poisson's ratio, and R is the inner radius of the aorta. The underlying vessel stiffness is not regionally measured or imaged. PWI, recently developed by our group (60, 83, (129) (130) (131) (132) (133) (134) (135) , constitutes a unique elasticity imaging technique for imaging of the PW during its propagation and mapping the underlying vessel stiffness. The highest velocity that can be estimated with the frame rates available is 96 m s −1 , well above the physiologic range (133) . High-frequency, ECG-gated, ultrahigh-frame-rate ultrasound systems have recently become commercially available for small-animal use. To overcome limitations of frame rate in high-frequency systems for cardiac applications in mice and rats, retrospective ECG gating or www.annualreviews.org • Cardiovascular Strain and Wave Imagingprospective ECG triggering (83, 85, (136) (137) (138) (139) has been applied to facilitate imaging of fasttraveling, physiologically induced waves (83, 130, 133) . Using a high-resolution system (Vevo 770, VisualSonics Inc., Toronto), the PWV was measured noninvasively in the mouse carotid artery using two different methods: a regional transit-time method and a local flow-area method (140, 141) . The 2D wall displacement maps at different times indicated mechanical wave propagation in the myocardium and aorta throughout the entire cardiac cycle (83) .
As mentioned above, PWV is a surrogate measure of stiffness of the aortic wall, which may vary with the type and severity of disease. A significant advantage over other techniques is that aortic wall motion is imaged and measured in PWI site specifically, with important information on regional wall stiffness. This is especially critical in the case of focal vascular disease that affects specific segments of the arterial tree (142) . Throughout this review, we use PWV to mean the velocity of the wave imaged in a specific section of the aortic wall. This is in contrast with other studies that assign PWV measurements to the entire circulation between two sites: one in the carotid and one in the femoral artery of the same subject. We propose to use this technique for regional PWI in vivo for detection and characterization of disease on the basis of its distinct mechanical function. PWI thus may constitute a novel, noninvasive, complementary modality for evaluation of regional vessel wall mechanical properties, both in the absence and presence of disease, qualitatively and quantitatively.
Animal studies. Two distinct AAA models have been explored: one symmetric (CaCl 2 model) (129, 130) and one asymmetric [Angiotensin II (AngII) model] (Figure 8 ) (131, 132) . The first model is symmetric (forming uniform calcification of the entire aorta), whereas the second one produces an asymmetric geometry of the aneurysm. Owing to its larger promise and closer representation of the human disease, only the latter model is presented here. For the AAA-model aortas, the AngII model produced an aneurysm similar to that of humans in terms of shape, structure (Figure 8) , and rupture risk. An osmotic minipump (ALZET R Model 2004, Durect Corp.) was implanted in the subcutaneous space near the scapula of the mice. During each scanning procedure, the transition of the incremental/instantaneous wall displacement was imaged using a color-coded ciné-loop and image sequence (Figure 8b) .
The concept of PWI is shown in Figure 7a . In normal and sham aortas (Figure 7b ), the regional PW was shown to propagate from the heart side (right) to the renal side (left) at constant speed [correlation coefficient of the linear regression fit (r) = 0.90]. In the AngII aortas, the wave propagated in the same direction but in a more nonuniform fashion, in both small-diameter (∼33% diameter change) (Figure 8a ) and large-diameter aneurysms (∼100% diameter change) (Figure 8b) . In all developed aneurysms, the displacements near the aneurysm were found to be lower than those in the proximal and distal sites. In addition, the spread of the spatiotemporal PWV data is larger in the AngII cases, which reduces r to 0.85 or lower.
The maximum displacement amplitudes are also uniform over different lateral positions in the normal and sham aortas. The linear fitting on the time-versus-position curve of the PW confirms the uniformity of the PW propagation, with a relatively high correlation coefficient (r = 0.90). The time at which the upstroke of the wall displacement in each aortic segment occurred (corresponding to the timing of the PW propagating through that segment) was plotted against the distance from the proximal edge, and the regional PWV was computed as the slope of the linear regression fit. The PWV was equal to 4.67 ± 1.15 m s −1 , r was equal to 0.89 ± 0.03, and n was equal to 5. The estimated PWV in the normal mouse aorta was previously reported, as measured upon catheter insertion, to be within the range of 2.6-4.4 m s −1 (143, 144) ; this is in agreement with the results found in our study ( 23 ms after the R wave for panels a and b, respectively. Note that the PWI images can detect the abnormality in both cases. The white arrow denotes the largest PW-induced displacement discontinuity occurring at the level of the aneurysm, as confirmed by the B-mode images; this discontinuity is absent in the normal case (Figure 7b) . As in Figure 7 , the wave in both cases travels from proximal (right) to distal (left) (from to ), although the wave is not indicated to prevent confusion with localization of the displacement discontinuity.
technique (127) under a range of vasoactive anesthetics. The inner diameter and wall thickness of the abdominal aorta were measured using a standard B-mode method, and the average wall thickness was found equal to 0.13 ± 0.01 mm. Because the wall thickness was very low and close to the resolution limits of the system used, the average value for the Young's modulus calculation was used to avoid dispersion caused by the measurement variance. The average Young's modulus of the aorta was found equal to 50.9 ± 20.0 kPa (n = 5). In AngII mice, r was 0.62 ± 0.15, which is significantly lower than that in the normal aortas (p < 0.001). This was due to the regional changes of blood flow and nonuniformities of the vascular wall. The displacement and PWV regionally decrease at the aneurysm level (Figure 8) . This result coincides with our pathological findings indicating that the wall is uniform in the normal aorta, whereas it is highly nonuniform in the AngII model, with pronounced thrombus and platelet aggregation.
Human studies. The PWI technique was recently developed for integration and application in conjunction with any clinical ultrasound scanner. The PWI system acquires ultrasound RF signals from the abdominal aorta using seven small regions of interest that, after ECG gating and signal processing off-line, were combined to produce a composite image that will automatically show the amount of aortic wall displacement and the underlying B-mode image during PW propagation in a full field of view and at a high frame rate (88, 89) 
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Figure 9
Normal and aneurysmal human aortas in vivo: pulse wave imaging sequences in (a) normal and (b) aneurysmal (diameter: 3.6 cm) human abdominal aorta with the wavefront (arrow) traveling from heart (right) to renal (left). architecture and control over both the acquisition data and RF data was acquired to develop the first PWI human application. The full-view PWI ciné-loops and frames (Supplemental Figure 5) can be generated at a frame rate of up to 700 frames per second through ECG gating, allowing us to visualize the PW propagation in human aortas (88, 89 ). An alternative approach that does not require ECG gating or breath holding has also been developed (133, 134, 145) . The beam density of a phased array or a convex linear array was reduced to 16 or 32 beams per 100% sector view and thus increased the frame rate to 200-400 frames per second and acquired the RF data in real time (133) (134) (135) 145) . The frame rate required in this case is lower than that of mice because the field of view of the ultrasound is larger in humans, which increases the time of PW propagation given that the PWV in humans is similar to that in mice. We have shown the feasibility of human application in both normal (Figure 9a ) and AAA (Figure 9b ) aortas. Eleven healthy human subjects have been successfully imaged using PWI (134, 145) , and the regional vascular stiffness (Table 1 ) estimated is in excellent agreement with existing literature (134) . The feasibility of PWI on patients with AAAs also has been shown (Figure 9b ) (132) . The PWI results on PWV are in excellent agreement with applanation tonometry that measures the global PWV in normal subjects (Supplemental Figure 5) . Finally, by using both the stiffness and the diameter change, the central pulse pressure can be estimated noninvasively and regionally; this was recently corroborated in normal subjects (Supplemental Figure 6) 
CONCLUSION
In-plane, 2D transmural (lateral and axial) displacement and strain (lateral, axial, polar, and principal) fields were comparable to those obtained with MR tagging in both normal and pathologic human hearts in vivo. Axial displacement as well as radial and first principal strain estimates depicted the strongest agreements between the two modalities in the normal case. Most importantly, the abnormal anterior wall region in the infarcted left ventricle was successfully depicted by the qualitative and quantitative 2D strains, showing passive deformation behavior during active contraction (i.e., systole). The temporal cumulative displacement and strain profiles obtained by ME were validated against MR tagging with excellent agreement, offering the additional advantages of higher temporal and spatial resolutions. EWI was also shown to be
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feasible in detecting electrical activation in canines and throughout all four heart chambers when applied transthoracically in humans (91) . The overall outcomes from the vascular studies are as follows. Assessment of the regional mechanical properties of the vessel wall can provide unique insight into the aortic wall function and early detection of focal vascular disease as well as coronary heart disease. However, no other current imaging technique can directly map the mechanical properties of the vessel wall. Current ultrasound and CT methods can detect aneurysms larger than a certain critical diameter but do not provide regional mechanical information, which may be essential for the accurate prediction of future clinical events, including aneurysm rupture. Conventional wall motion and PWV measurement techniques are not sensitive enough to detect focal vascular disease or measure directly the underlying stiffness of the vessel wall. PWI is a novel technique that provides otherwise unobtainable qualitative and quantitative information on the regional wall stiffness for focal vascular wall stiffness detection and measurement. PWI thus could constitute a unique method, complementary to currently available imaging techniques in the clinic, that can provide regional information on the mechanical function of the normal and pathological vessels at both high spatial and temporal resolutions. This method could simultaneously benefit from the low cost and the accessibility and real-time capability of ultrasound imaging.
SUMMARY POINTS
1. Myocardial elastography estimates 2D transmural (lateral and axial) displacement and strain (lateral, axial, polar, and principal) fields that were comparable to those obtained with magnetic resonance tagging, in both normal and pathologic human hearts in vivo.
2. The temporal cumulative displacement and strain profiles obtained by myocardial elastography were validated against magnetic resonance tagging with excellent agreement, offering the additional advantages of higher temporal and spatial resolutions.
3. The abnormal anterior wall region in the ischemic left ventricle was successfully depicted at 40% occlusion and possibly 20% occlusion by the qualitative and quantitative 2D strains, showing passive deformation behavior during active contraction (i.e., systole) in both simulations and canine hearts in vivo.
4. Electromechanical wave imaging was capable of following the electrical activation in canines in vivo.
5. Electromechanical wave imaging was capable of depicting the electromechanical wave throughout all four chambers in the human heart entirely noninvasively in vivo.
6. Assessment of the regional mechanical properties of the vessel wall can provide unique insight into the aortic wall function and early detection of focal vascular disease.
7. Pulse wave imaging is a novel technique that provides otherwise unobtainable qualitative and quantitative information on the regional wall stiffness, for vascular wall stiffness detection and measurement in diseases such as myocardial hypertrophy, hypertension, and coronary artery disease.
8. Pulse wave imaging thus could constitute a unique method, complementary to currently available imaging techniques in the clinic, that can provide regional information on the mechanical function of the normal and pathological vessels at both high spatial and temporal resolutions. This method could simultaneously benefit from the low cost and the accessibility and real-time capability of ultrasound imaging.
